We have developed a robust technique to fabricate monodispersed solid and porous ceramic particles and capsules from single and double emulsion drops composed of silsesquioxane preceramic polymer. A microcapillary microfluidic device was used to generate the monodispersed drops. In this device, two round capillaries are aligned facing each other inside a square capillary. Three fluids are needed to generate the double emulsions. The inner fluid, which flows through the input capillary, and the middle fluid, which flows through the void space between the square and inner fluid capillaries, form a coaxial co-flow in a direction that is opposite to the flow of the outer fluid. As the three fluids are forced through the exit capillary, the inner and middle fluids break into monodispersed double emulsion drops in a single-step process, at rates of up to 2000 drops s
INTRODUCTION
The synthesis and fabrication of particles and capsules with tailored microstructures have received significant attention in the last 15 years owing to their potential applications in drug delivery, electronic displays and biotechnology. There has been a fundamental transition in viewing particles as material feedstock for the fabrication of large objects to individual units with their own form and function. The driving force for this transformation is the development of new processing techniques to fabricate these materials with enhanced properties, such as high surface area, narrow particle size distribution, total porosity, shell thickness and permeability. In many advanced applications such as drug and gene delivery, photonics and catalysis, the distribution and organization of matter play an important role in providing new functionalities. Development of new fabrication methods for new and old materials is essential to the growth in this area.
A myriad of methods have been developed to fabricate particles and capsules with controlled properties and they can be divided into several groups based on: hard and soft colloidal templating (Xu & Asher 2004) , layer-by-layer deposition (Caruso et al. 1998) , template-free synthesis (Lou et al. 2006a ) and more recently microfluidics (Nie et al. 2005 (Nie et al. , 2006 , particlestabilized emulsions (Akartuna et al. 2009 ) and electrohydrodynamic spraying (Nangrejo et al. 2008) . Innovative particles and capsules have been developed with these techniques, including SnO 2 nanoparticle microshells for sensing (Martinez et al. 2005) , silica hollow spheres and microballons (Zoldesi & Imhof 2005) , silica nanocages (Lou et al. 2006b ), polystyrene colloidosomes with selective permeability (Dinsmore et al. 2002) and gold nanocages as optical image contrast enhancers (Chen et al. 2005) .
Microfluidics has emerged as a powerful and flexible technique to fabricate tailored particles and capsules. Polydimethylsiloxane (PDMS)/glass devices with T-junction channels have been used to generate hydrogels , polymeric capsules (Nie et al. 2005) , silica granules (Shepherd et al. 2006 ) and colloidosome structures (Shah et al. 2010) . Their low cost and flexible design have made them an important tool in particle fabrication. However, the use of PDMS prevents the use of either strong solvents or siloxane-based compounds since they deteriorate the PDMS microstructure. Moreover, it is difficult to selectively coat adjacent channels in a device to enable the formation of double emulsion drops often necessary to produce capsules (Okushima et al. 2004) . Utada et al. (2005) recently introduced a new class of microfluidic devices based on the coaxial arrangement of glass capillaries. These devices overcome the two limitations of the PDMS counterparts and are particularly suitable to form a double emulsion. N-Isopropylacrylamide microgels ) and acrylate capsules (Utada et al. 2005) have been fabricated with these devices.
A class of materials that has not been explored at all for the generation of monodispersed particles and capsules in microfluidic devices is preceramic polymers. Preceramic polymers are organic-inorganic polymers whose backbone usually contains Si atoms; they are transformed into a ceramic material through the elimination of organic moieties (by breaking of C -H bonds, and release of H 2 and CH 4 and other volatile compounds), either by heat ( pyrolysis) or by some non-thermal process (e.g. ion irradiation). Upon heating, they convert into SiO 2 , SiOC, SiC, SiCN, Si(X)CN or Si(X)O (with X ¼ B, Al, Ti, Zr) ceramics, depending on their composition in the polymeric state and the processing conditions (e.g. inert or oxidizing atmosphere, maximum heating temperature . One of the main characteristics of preceramic precursors is that they are polymeric in nature at the temperature at which they are shaped into components. Therefore, they can be subjected to a large variety of different forming methods, some of them unique or at least much more easily exploitable for polymers than ceramic powders or pastes. These include casting (Melcher et al. 2003) , infiltration (Satoa et al. 1999) , pressing (Galusek et al. 2007) , injection moulding (Walter et al. 1996) , extrusion (Eom & Kim 2007; Eom et al. 2008) , machining (Rocha et al. 2005) , fibre drawing (Okamura et al. 2006) , blowing/ foaming (Colombo 2008) , ink jetting (Mott & Evans 2001) , rapid prototyping (Friedel et al. 2005) , electrohydrodynamic spraying/spinning ), aerosol spraying (Bahloul-Hourlier et al. 2001 , self-assembly (Malenfant et al. 2007 ) and microcomponent processing such as UV/X-ray lithography, nano/micro-casting, replication, micro-extrusion and embossing/forging (Schulz 2009 ).
Furthermore, this approach has important technological advantages over the use of other molecular precursors, such as sol -gel techniques, as preceramic polymers do not need long processing times for gelation and drying, do not have any drying problems that hinder the possibility of fabricating bulk components, do not require flammable solvents, can be processed in the molten state, their solutions are stable in time and, at least for inexpensive, commercially available polysiloxanes, they do not require any specialized handling procedures ). Finally, components fabricated from these precursors can be used in the polymeric state, i.e. without undergoing ceramization.
Electrohydrodynamic techniques have been used to generate nano-to microscale particles and capsules from preceramic polymers. Nangrejo et al. (2008) used methylsilsesquioxane to generate porous particles via electrospraying. These particles were nearly spherical with a diameter of 3 mm and have interconnected porosity with diameters close to 1.3 mm. Ahmad et al. (2009) also reported the formation of ceramic bubbles from preceramic polymers via electrospraying.
Surprisingly, there have been no reports concerning the processing of preceramic materials using microfluidic devices. Here, we present for the first time a robust microfluidic technique to generate monodispersed ceramic particles and capsules from preceramic polymers using microcapillary devices. The technique is based on the formation of monodispersed single emulsion and double emulsion drops using a preceramic polymer. These drops are then cross-linked and pyrolysed to form ceramic particles and capsules. This versatile technique can be extended to other preceramic polymers and the device geometry can be modified to fabricate monodispersed particles and capsules with diameters as small as 10 mm.
EXPERIMENTAL SET-UP

Emulsion solutions
Several solutions were used to fabricate the single and double emulsion drops described in this work. All of them share a similar preceramic solution and continuous fluid. The preceramic solution was composed of 60 wt% poly(methylsilsesquioxane) (MK powder, Wacker International), 1 wt% Zr-acetylacetonate (cross-linker, Sigma, St Louis, MO), 2 wt% (decamethylcyclopentasiloxane with trimethylated silicia (749 fluid, Dow Corning, Midland, MI)) surfactant in 1 cSt octamethyltrisiloxane oil (Clearco Products, Bensalem, PA). The continuous fluid is a mixture of 58 wt% DI-H 2 O, 40 wt% glycerol (ReagentPlus less than or equal to 99.0% (GC), Sigma) and 2 wt% poly(vinyl alcohol) (PVA) (87 -89% hydrolysed, Sigma), which served as a surfactant. An emulsion of DI-H 2 O in the preceramic solution was used in the fabrication of porous particles and capsules. A 1 : 2 ratio by volume of DI-H 2 O in preceramic solution was emulsified using a homogenizer (VDI-12, VWR West Chester, PA) rotating at 13 500 r.p.m. for 5 min. Finally, a 0.5 wt% Zr-acetylacetonate in DI-H 2 O was used as the inner fluid in the fabrication of solid and porous capsules. Table 1 summarizes the four fluids used in this work.
Device preparation
The microcapillary devices' geometry was based on the work by Utada et al. (2005) and a full description of the device fabrication process can be found elsewhere.
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Briefly, a pipette puller (model P-97, Sutter Instruments, Novato, CA) was used to heat and pull a 15.24 cm long cylindrical glass capillary (World Precision Instruments, Sarasota, FL) with an outer diameter of 1.0 mm and inner diameter of 0.580 mm. The glass capillary breaks under tension into two equal-sized, tapered capillaries. The tapered glass capillaries were then cleaved to the desired final diameters using a forge station (Micro Forge MF 830, Narishige, Japan). Typical diameters of the input (d input ) and exit (d exit ) capillaries ranged from 20 to 300 mm. Tips were treated to be hydrophobic or hydrophilic by surface modification with octadecyltrichlorosilane (Gelest, Inc., Morrisville, PA) or a solution of ethanol (reagent grade, Sigma), acetic acid (99.7 þ % A.C.S. reagent, Sigma), DI-H 2 O and 2-[methoxy(polyethylenoxy)propyl] trimethoxysilane (90%, Gelest, Inc.), respectively. The round capillaries were then inserted and aligned in a square capillary. Choosing the outer diameter of the round capillaries to be the same as the width of the square capillary facilitates alignment. Three 20G luer-stubs (Intramedic Luer Stub Adapters, Beckton Dickinson, Sparks, MD) served as input connectors for the fluids. A schematic of the microcapillary device and the region of the device where the two tapered capillaries meet is shown in figure 1a ,b,e, respectively.
Single and double emulsion fabrication
Fluids for emulsion fabrication were loaded into glass syringes (Hamilton Gastight, Hamilton Co., Reno, NV) fitted with 20G luer-stubs. The syringes were connected to the luer-stub inputs using polyethylene PE-5 tubing with an outer diameter of 1.32 mm and inner diameter of 0.86 mm (Scientific Commondities, Lake Havasa City, AZ). Syringe pumps (PHD 2000, Harvard Apparatus, Holliston, MA) were used to control the fluid flow rates. Droplet production was visualized in an inverted microscope (Axio Observer, Zeiss America) equipped with a fast-camera (Phantom V9, Vision Research, Wayne, NJ) capable of up to 55 000 frames s
21
. Emulsions were generated by individually adjusting the fluid flow rates. Optical images of the collected drops and cross-linked capsules were captured in the inverted microscope fitted with a QICAM digital camera (Qimaging, Surrey, BC, Canada).
Drop collection, cross-linking and pyrolysis
All drops were collected in a glass vial filled with either pure DI-H 2 O or a mixture of DI-H 2 O and glycerol designed to match the osmotic pressure in the inner drops. In many cases, the outer fluid was replaced several times to remove the excess of glycerol and PVA from the outer fluid during the collection process. Vials containing the emulsion drops were completely filled with 0.5 wt% Zr-acetylacetonate in DI-H 2 O solution and placed in an oven preset to a temperature of 808C for 18 h to accelerate the cross-linking of the preceramic solution. Cross-linked particles and capsules were washed with a 1 : 1 mixture of isopropyl alcohol and water to remove any excess PDMS oil. The samples were then freeze-dried to remove the water while preserving their structure. Pyrolysis was performed in an inert atmosphere (N 2 , 99.99%) by heating at a rate 58C min 21 to a temperature of 10008C, held for 1 h and cooled to room temperature at a rate of 58C min 21 .
Drop and particle characterization
Optical images of the single and double emulsion drops were analysed with the freely available image analysis program, ImageJ (W. S. Rasband, US National Institutes of Health, Bethesda, MD). Characterization of the cross-linked and pyrolysed particles was performed in a scanning electron microscope (SEM; FEI Philips XL-40; Angstrom Scientific Inc., Ramsey, NJ). XRD analysis was carried out with a Bruker D8 Focus X-Ray system (Bruker AXS Inc., Madison, WI). FT-IR was carried out in a Spectrum System 2000 (Perkin-Elmer, Waltham, MA).
RESULTS AND DISCUSSION
The particle and capsule fabrication technique presented here rests on the generation of monodispersed single and double emulsion drops using microcapillary devices. These devices were operated in either single or double emulsion mode depending on the desired particles. Solid and porous particles were obtained from single emulsions, while the solid and porous capsules were obtained from double emulsion drops (see figure 1 ). Key to this fabrication is the transformation of the drops into solid objects via the cross-linking and pyrolysis of the preceramic solution. In particular, cross-linking is a crucial step for enabling the manufacturing of samples with controlled geometry. In fact, if the preceramic polymer is not sufficiently cross-linked, during subsequent pyrolysis it would be subjected to softening and flow, resulting in highly deformed or fused particles. Moreover, gases are generated during the polymer-to-ceramic conversion occurring during pyrolysis, which could lead to damaged samples, so the heat treatment schedule has to be conducted in a well-controlled fashion. The selected processing conditions enabled the production of defect-free, individually separated ceramic particles and capsules whose morphology followed closely that of the asprepared, polymeric components. Pyrolysis resulted only in a linear shrinkage of approximately 25 per cent, Ceramic microparticles and capsules C. Ye et al. S463
relative to un-pyrolysed samples, which is typical for this type of preceramic precursor . A full description of the fabrication of each of the particles and capsules follows. and inner fluid (Q inner ) ¼ 1000 ml h 21 for the sample in figure 2a .
Drop break-up in this device is controlled by the interplay between viscous forces and interfacial tension between the liquids. Two mechanisms can be observed depending on the fluid flow rate ratios, namely dripping and jetting. In dripping, the inner drop breaks from the end of the capillary into the entrance of the exit capillary due to the Rayleigh -Plateau instability (Plateau 1849; Rayleigh 1879) . Dripping produces highly monodispersed drops. In the jetting regime, the inner fluid forms a jet that extends into the exit capillary. A drop forms at the tip of the jet and it breaks at random intervals forming polydispersed drops. A jet forms when the velocity or viscosity of the outer fluid is significantly larger than that of the inner fluid, so that viscous stresses at the interface dominate over the interfacial tension, as demonstrated by Utada et al. (2005) . The physics can be captured in the capillary number (Ca), which relates the ratio of the viscous stresses and interfacial tension,
1Þ where h out is the viscosity of the outer fluid, n is the velocity of the outer fluid and g is the interfacial tension between the outer and inner fluid. The equation governs the transition between the dripping and jetting regimes which occurs at Ca 1 (Utada et al. 2005) . In all of our experiments, the fluid conditions were optimized to ensure operation in the dripping regime to obtain monodispersed drops. The monodispersed single emulsion drops were then cross-linked in solution. An optical image of a group of cross-linked preceramic particles is shown in figure 2b . The particles are spherical and show no damage on the surface. These were dried and pyrolysed to form oxycarbide glass particles. An SEM micrograph showing a pyrolysed particle can be seen in figure 2c. The particles have maintained their spherical shape and there is minimal indication of damage at the surface. After pyrolysis, the particles can be redispersed in water or used as they are for biological applications such as cell respiration experiments and cell break-up for DNA extraction.
3.1.2. Porous particles. Inert porous particles can be used in many bioapplications, including trapping of biomolecules (Liu & Chen 1999; Cunin et al. 2002) and scaffolds for cell growth (Rezwan et al. 2006) . We were interested in modifying our single emulsion technique to generate monodispersed porous particles. Our aim was to generate particles and capsules with relatively large interconnected pores with diameters in the range of 1 -10 mm for applications as substrates for enzymatic reactions. The preceramic solution used for the solid particles was replaced with DI-H 2 O in the preceramic solution emulsion. The drops of water in the emulsion act as pore generators after cross-linking and freeze-drying of the samples. Image analysis of the emulsions shows that the water drops have a wide diameter distribution ranging from 0.5 to 7 mm and a CV in diameter of 55 per cent. Monodispersed drops containing the emulsion were generated using the same devices and procedures described before for solid particle fabrication. An optical image of the drop generation process can be seen in figure 3a. For this sample, the Q inner ¼ 650 ml h
21
, Q middle and Q outer ¼ 1000 ml h 21 and the average diameter was 72 mm. The water droplets appear as dark spots within the circular area delineating the monodispersed drops. An emulsion with small drops relative to the capillary diameters was necessary to avoid an abrupt disruption of the fluid flow during the drop generation. Particles were cross-linked using the same procedure previously described for the figure 3b . Each of the speckles within the drops is a smaller water droplet. Note the uniform diameter of the cross-linked drops with an average diameter 82 mm and a CV less than 3 per cent. The drops were stable during the cross-linking process. There was no evidence of coalescence of water droplets either within the drops or between the drops themselves. However, we observed an increase in water droplet size over time, most probably due to Ostwald ripening and/or osmotically driven flow of water molecules to the water droplet from the continuous phase. Glycerol and/or salt was therefore added to both the continuous phase and water droplets in the range 0.5 -2 wt% to match the osmotic pressures, and minimize the changes in the size of the water droplets. Despite these efforts, we always observed an increase in the drop diameter over time. PDMS oil is well known for its relatively high water content and for the facile transport of water molecules (Randall & Doyle 2005) . However, it is possible to harness this behaviour to increase the pore size of particles or capsules. For example, the overall size of the drops can be increased by increasing the solute concentration in the water droplets, while keeping the solute concentration low in the continuous phase. The osmotic difference drives water into the water droplets inside the drop, increasing their overall size until the osmotic pressure is matched.
The cross-linked porous particles were harvested from solution, freeze-dried and pyrolysed following similar procedures as described for the solid particles. These particles are over 100 mm in diameter and contain pores in the surface with diameters ranging from 1 to 10 mm, as can be seen on the particle surface shown in figure 4a ,b. The pores do not have a perfect circular shape and smaller pores appear more circular than the larger ones. The surface porosity is interconnected with the internal porosity, as shown in the broken particle in figure 4c . Note the large amount of porosity in the interior of the particle; since this is accessible to the exterior it offers a large amount of surface area for the binding of enzymes or proteins. Note that, while we fabricated larger porous particles as a proof of concept, smaller particles can be easily generated down to a diameter of 10 mm. For example, to make 10 mm particles requires a microcapillary device with Figure 4 . SEM micrographs of (a) a group of pyrolysed oxycarbide glass porous particles (scale bar, 100 mm), (b) a single porous oxycarbide glass particle (scale bar, 20 mm) and (c) the internal porous structure of a broken porous oxycarbide glass particle (scale bar, 20 mm).
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an input capillary diameter of 10 mm and an exit capillary diameter close to 20 mm. Besides these device changes, the flow rates would need to be adjusted independently to obtain the desired drop size. Porouswall glass microspheres have found application in drug delivery and controlled release of biological molecules (Li et al. 2009 ). This can be achieved using microcapillary devices with inner and exit capillary diameters comparable to the drop diameter of interest.
3.1.3. Solid capsules. Three different fluids are needed to generate monodispersed double emulsion drops. In the microcapillary devices, the inner fluid (Zr-acetylacetonate/water) is pumped through the input round capillary, while the middle fluid ( preceramic solution) is pumped in the same direction through the outer round/square capillary region. The outer fluid (continuous solution) is also pumped through the round and square capillary region, but in the opposite direction. As the three fluids merge near the entrance of the exit capillary, the outer fluid hydrodynamically focuses the inner and middle fluid and double emulsion drops are formed in a single step. Typical tapered diameters for the input and exit round capillaries range from 20 to 180 mm; however, smaller or larger sizes can also be fabricated, which permit the drop size to be adjusted further. For a given device geometry, we can further adjust the inner and outer drop diameters and the number of internal drops, by carefully tuning the fluid flow rates and composition. Fabrication rates ranging from 200 to 5000 drops s 21 can be achieved in these devices depending on the fluid flow rates and device geometry.
The formation of the monodispersed double emulsion drops with this composition is shown in figure 5a . Flow rates were: inner (Q inner ) ¼ 1000 ml h
21
, middle (Q middle ) ¼ 1000 ml h 21 and outer (Q outer ) ¼ 5000 ml h
. Average inner and outer drop sizes initially were 75 and 100 mm, respectively, as determined from the optical images. The viscosity of the outer fluid (h outer ) is estimated to be 3.7 mPa s, while the middle fluid (h middle ) is 0.960 mPa s, giving a ratio (h outer /h inner ) of 3.87. Double emulsions generated with this composition were stable through the cross-linking process. There was no evidence of inner drop break-up from the surrounding oil drop or the coalescence of the outer drops. Double emulsions were collected in DI-H 2 O, and any excess glycerol in the outer fluid was removed via repeated washing with a cross-linker/DI-H 2 O/PVA solution to ensure that enough surfactant was left in the solution. The cross-linked capsules appear to change little with time and they maintained their monodispersity. Optical images of the cross-linked capsules with different diameters and shell thicknesses can be seen in figure 5b -d. The capsules in figure 5b have an average outer diameter ¼ 37.8 mm and inner diameter ¼ 21 mm with a CV less than 3 per cent. Capsules in figure 5c have an average outer diameter ¼ 98.1 mm and inner diameter ¼ 77.1 mm with a CV less than 4 per cent. Capsules in figure 5d have an average outer diameter ¼ 164.1 mm and inner diameter ¼ 102.5 mm with a CV less than 3 per cent. The small CV for all samples indicates that these capsules are highly monodispersed, as can be seen by the narrow inner and Ceramic microparticles and capsules C. Ye et al. S467
outer drop diameter distributions (for the sample in figure 5b ) reported in figure 6a .
To illustrate the flexibility of our technique in tailoring capsule size, the inner and outer drop diameters as a function of Q outer /(Q inner þ Q middle ) are shown in figure 6b. These data were obtained using a device with inner and exit capillary diameters of 40 and 80 mm, respectively. Additionally, (Q inner þ Q middle ) was kept constant to 2000 ml h
, while Q outer was changed from 2000 ml h 21 to 16 000 ml h
. Over this range the outer drop diameter decreased from 128 to 53 mm while the inner drop decreased from 101 to 41 mm. Also, in this range the shell thickness decreased from 27 to 12 mm. The shell thickness can be further tailored by independently adjusting the flow rates, in particular Q inner . For example, increasing Q inner while keeping Q outer and Q middle constant will result in a thinner shell, while a thicker shell is obtained at lower Q inner .
Cross-linked capsules have an off-centre cavity (see figure 5 ). This is due to the difference in density between the inner and middle fluids. The aqueous solution in the inner drop has a density of 1 g cm 23 while the outer drop, which is mostly 1 cSt PDMS oil, has a measured density of 0.94 g cm
. Therefore, immediately after the double emulsion drops are generated, the inner droplet starts to sediment until it touches the outer drop/continuous phase interface. We estimate that the sedimentation occurs in a matter of seconds after drop generation. Different unsuccessful strategies were explored to centre the inner drop before cross-linking, including placing the emulsion in a tumbling wheel to keep the drops in constant motion and increasing the middle fluid density and viscosity. An unexplored potential solution is to incorporate a UV-cross-linkable polymer in the preceramic solution to slightly cross-link the middle fluid immediately after the drops are generated, when the inner and outer drops are usually centred with respect to each other.
Capsules have a high content of PDMS oil in the shell after cross-linking. Therefore, excess PDMS oil was removed by repeatedly washing the double emulsions in a 1 : 1 volumetric ratio of isopropanol (IPA) and DI-H 2 O followed by repeated washing with DI-H 2 O. Diluting the IPA in water was necessary to avoid a significant softening of the capsule shells, which makes them sticky in solution. Harvesting the capsules from solution by drying under ambient conditions resulted in pronounced deformation, owing to the capillary pressure inside and outside the capsules. An effective strategy to avoid deformation was to freeze-dry the capsules. Freeze-dried samples were prepared by removing most of the fluid, followed by rapidly freezing the sample and the subsequent sublimation of the frozen water in a vacuum. Freeze-dried capsules maintain their spherical shape and the capsule structure is intact.
Capsules were pyrolysed under an inert atmosphere to form an oxycarbide glass. An SEM micrograph of the pyrolysed capsules is shown in figure 7a . These capsules have an average diameter of 25 mm and all have a non-uniform shell thickness. A portion of the capsule has a slight deformation in a small area located in the thinnest part of the shell. This thin region of the capsule becomes its weakest point. An individual broken SiOC glass capsule can be seen in figure 7b . We estimate the thinnest area of the shell to be 1 -3 mm in thickness, from optical and SEM images. Higher magnification SEM images (not shown) indicated that the surfaces of the capsules have rough undulations at the submicron scale size.
Capsules with solid shells can find widespread use as additives in the automotive, heavy truck, aerospace, electrical, electronics, appliance and durable goods industries, and in construction products such as polymer/wood composites and siding. They are also used in syntactic foams, associated with a polymeric, metallic or ceramic matrix, for applications such as stress absorption, acoustic insulation, lightweight parts, buoyancy modules, radar-transparent components, blast mitigation or thermal management (Shutov 1986; Cochran 1998 ). S468 Ceramic microparticles and capsules C. Ye et al.
3.1.4. Porous capsules. Double emulsion drops were also generated with the water/preceramic emulsion. An optical image of the double emulsion fabrication process can be seen in figure 8a. For this sample, the Q inner ¼ 1000 ml h 21 , Q middle ¼ 600 ml h 21 and Q outer ¼ 4000 ml h 21 and the average diameter was 92 mm. The inner and outer drop diameters can be tailored by adjusting the fluid flow rates and device geometry. The internal composition of these drops is different from those previously discussed for the capsules or porous particles. Instead of having a single inner drop, as in the case of the solid capsules, these have a large water drop in the centre surrounded by smaller ones from the water/preceramic emulsion. A delicate balance between the larger drop, smaller droplets and the continuous phase must be preserved to avoid significant drop size changes. The solute concentration in the continuous phase and water droplets must be equal to avoid significant size changes due to an osmotic pressure gradient. Therefore, NaCl was added to the inner aqueous solutions to match the osmotic pressure to the continuous phase. These modifications to the drop composition do not have a large effect on the size changes that occur in the water/preceramic emulsion due to Ostwald ripening. For example, it is possible to reduce the size of the central drop by having a high solute concentration in the continuous phase and in the water droplets in the water/preceramic emulsion. The inner water drop shrinks to increase the solute concentration while the smaller water drops increase in size to equilibrate the osmotic pressure. Therefore, the final size of the inner drop can be further tailored depending on the water composition both within the drops and in the continuous phase.
Cross-linked capsules with water droplets can be seen in figure 8b . The average inner and outer diameters of the capsules were 58 and 95 mm, respectively, with a CV of less than 5 per cent for the outer diameter. These capsules maintained their shape during the PDMS oil cleaning process. However, they did not maintain a spherical shape after freeze-drying and pyrolysis; this can be seen in the SEM micrograph in figure 9a , which shows a group of SiOC glass porous capsules. The surface of the shells is highly porous, with pore diameters in the range of 1 -10 mm. The porosity in the shell and the lack of an internal structure makes these capsules mechanically fragile, and results in deformed shells (Rachik et al. 2006) . The shell has a thickness of 5 -10 mm, as can be seen in the broken capsule in figure 9b . It might be possible to use these capsules as bio-reservoirs by filling them with biomaterials after fabrication.
Finally, it should be stressed that by varying the processing conditions it is possible to modify the shell thickness of solid and porous capsules; this, in turn, results in changes in their mechanical and release behaviour (Rachik et al. 2006) , as well as in the volume fraction of 'cargo' that they can accommodate in their central cavity. 
CERAMIZATION OF PARTICLES AND CAPSULES
In this work, we processed the particles and capsules under an inert atmosphere, as we intended to produce SiOC ceramic samples and not simply silica-based components (as we would have produced if heating in air). In SiOC materials, in fact, carbon is substituted for oxygen within the SiO matrix, greatly strengthening the molecular structure of the resulting glass network. Silicon is thus simultaneously bonded to carbon and oxygen and, depending on the composition of the precursor, the carbon content can be as high as 70 mol% (Scheffler et al. 2000) . Because of their structure, SiOC glasses have tailorable physical properties that strongly depend on the microstructure (presence of phase separation and bonding state of carbon) and composition (carbon content). They exhibit remarkable mechanical properties, including high elastic modulus, bending strength and hardness; resistance to oxidation at high temperature, devitrification and creep; and chemical durability superior to conventional silicate glasses in aggressive environments (Eguchi & Zank 1998; Pantano et al. 1999) . In particular, they have been shown to possess a variable propensity to contact activate coagulation of whole human blood plasma, depending on the carbon/ oxygen ratio at their surface. Therefore, simply by changing the preceramic precursor it is possible to vary the plasma activation properties of the resulting SiOC ceramic from activating (e.g. similar to silica glass) to nonactivating (e.g. similar to silanized glass (Zhuo et al. 2005) ). Moreover, through the addition of nano-sized fillers to a siloxane precursor it is possible to obtain ceramic components based on wollastonite (CaSiO 3 , which possesses excellent bioactivity (Xue et al. 2005) . After pyrolysis, the samples comprised an amorphous silicon oxycarbide ceramic. FT-IR investigations (figure 10a) showed the complete removal of the organic moieties present in the preceramic polymeric precursor, after heating at 10008C, with the retention of Si -C bonds in the material. ) and Si -C bonds (800 cm 21 ) in the ceramized component (Bellamy 1975) . XRD analysis (figure 10b) confirmed the lack of crystalline phases at this processing temperature, as only the amorphous hump located at around 228, attributable to an amorphous silica-based phase, was visible. The data reported here were collected on porous capsules, but similar results were obtained for solid and porous particles and solid capsules, naturally, S470 Ceramic microparticles and capsules C. Ye et al.
as they were produced using the same preceramic precursor and the added surfactants completely decomposed during pyrolysis. These data are in good agreement with what has been reported in the literature concerning the pyrolysis product of this specific silicone resin (Harshe et al. 2004) . Figure 11 shows the distribution of the pore size for porous ceramic particles and capsules, as obtained by image analysis of SEM micrographs of several samples. By 'pore', we mean the dimension of the empty cells formed in the solid ceramic by the evaporation of the water droplets present within the liquid preceramic precursor and constituting the emulsion. It can be observed that, although the average pore size is rather similar for both types of samples (5.8 mm for particles and 4.1 mm for capsules), the size distribution is smaller for the latter (standard deviation was 2.4 mm for particles and 1.4 mm for capsules), indicating that, with increasing thickness of the layer containing the preceramic/ water emulsion, it is more difficult to control the uniformity of the size of the water droplets. It should, however, be noted that it is quite difficult to comment on the permeability of these structures based on simple considerations of the average pore size, as the porosity of the samples possesses a foam-like morphology, and therefore the permeability is controlled by the dimension of the cell windows and the presence of cell walls, which cannot be easily quantified by optical methods (Maire et al. 2007 ).
Controlling the drop size in the preceramic emulsion is critical for tuning the pore size distribution in the particles and capsules. We emulsified the water in the preceramic solution using a homogenizer. This process always leads to a broad drop diameter distribution. We could narrow the distribution by fractionation but the process is cumbersome and tedious. The best way to control the drop distribution is to use the microcapillary devices to generate monodispersed drops. This will require the use of capillaries with diameters comparable to the desired drop diameter, in our case between 1 and 10 mm. Also, it is possible to change the chemistry in the preceramic solution to generate a microemulsion instead of an emulsion. Microemulsions have a narrow drop size distribution and the average drop size is between 20 and 500 nm, effectively reducing the pore size by one order of magnitude.
CONCLUSIONS
We have developed a robust microfluidic technique to generate monodispersed ceramic particles and capsules from a preceramic polymer. The technique harnesses the versatility of microcapillary devices to generate monodispersed single emulsion and double emulsion drops in a single step. Poly(methylsilsesquioxane) was used as the preceramic polymer leading to the formation of oxycarbide glass particles and capsules after pyrolysis. Four types of particles and capsules were generated with this technique, including solid particles, solid capsules, porous particles and porous capsules. Solid particles and solid capsules had diameters ranging from 30 to 180 mm, and both maintained their structure during all the processing steps. Porous particles and capsules were generated by substituting the preceramic mixture with a water/preceramic emulsion. Water drops within this emulsion served as pore generators in the particles and capsules after freeze-drying and pyrolysis. Porous particles, with diameters ranging from 55 to 110 mm, had an interconnected porosity that was open to the exterior with pore diameters in the range 1 -10 mm. Porous capsules had a large cavity in the centre and similar pore sizes in the shell to the porous particles. Particle and capsule diameters can be easily reduced to less than 10 mm by changing the device geometry, fluid composition and flow rates. Pore sizes could also be reduced by using a microemulsion instead of an emulsion as the preceramic solution.
This work demonstrates that it is possible to use microfluidics to process preceramic polymers to generate monodispersed porous particles and capsules. There are hundreds of different preceramic polymers with different compositions, functionalities and solubility characteristics. One key aspect that enabled drop fabrication was the high solubility of the preceramic polymer in 1 cSt PDMS oil. This is convenient but not a requirement for other preceramic polymers, since it is possible to use organic solvents such as toluene or acetone to generate drops. Compared with electrohydrodynamic techniques, our method provides excellent control over the drop/capsule size and composition and it does not require conductive fluids for Ceramic microparticles and capsules C. Ye et al. S471
operation. However, the range of drop and capsule sizes that can be fabricated is practically limited to more than 10 mm, while electrohydrodynamic methods can generate submicron drops and capsules albeit with a broader size distribution. An immediate application of the porous oxycarbide particles is as scaffolds for the enzymatic detection of marine toxin such as okadaic acid in fish (Holland & Weber 2000; Marquette & Blum 2006) . The solid particles could be used as grinding material for DNA extraction from cells (Shakoori et al. 1972) . The possibility of expanding this work to other preceramic polymers, increased drop size range, varied drop morphologies and novel applications is great, and we are looking forward to pursuing these opportunities.
